Regeneration of traumatic defects in skeletal muscle requires the synchronized behavior of multiple cells that participate in repair. The inflammatory cascade that is rapidly initiated after injury serves as a powerful node at which to guide the progression of healing and influence tissue repair. Here, we examine the role that myeloid cells play in the healing of traumatic skeletal muscle injury, and leverage their pro-regenerative functions using local delivery of the immunomodulatory small molecule FTY720. We demonstrate that increasing the frequency of non-classical monocytes in inflamed muscle coincides with increased numbers of CD206+ alternatively activated macrophages. Animals treated with immunomodulatory materials had greater defect closure and more vascularization in the acute phases of injury. In the later stages of repair, during which parenchymal tissue growth occurs, we observed improved regeneration of muscle fibers and decreased fibrotic tissue following localization of pro-regenerative inflammation. These results highlight non-classical monocytes as a novel therapeutic target to improve the regenerative outcome after traumatic skeletal muscle injury.
Introduction
Recovery of traumatic skeletal muscle injury relies on precise regulation of the inflammatory cascade that is initiated immediately after injury. While muscle progenitor cells called satellite cells directly differentiate into muscle fibers to regenerate injured skeletal muscle [1] , their success is dependent on supportive cues from innate immune cells, such as monocytes and macrophages, that are acutely recruited to damaged tissue and remain until repair is complete [2] [3] [4] . Monocytes and macrophages are phagocytes that are highly sensitive to inputs from their microenvironment and can synthesize this information to direct healing processes [5, 6] . In vivo, monocyte subsets appear sequentially after injury, with classical, inflammatory monocytes accumulating in the muscle after the onset of injury and peaking at around one day post-injury [3] . Non-classical, anti-inflammatory monocytes numbers steadily rise thereafter, and return to baseline once regeneration is complete [3] . Monocyte recruitment following the onset of injury is crucial for repair, as multiple studies have shown that depletion of circulating monocytes before toxin-induced muscle injury results in incompletely healed, fibrotic muscle [2] [3] [4] .
Following extravasation from blood, recruited monocytes may transiently remain monocytes [7] or differentiate into macrophages that persist through the resolution of inflammation [3, 8, 9] . Macrophages designated as classical inflammatory "M1" macrophages predominate early after injury, while alternatively-activated "M2" macrophages (AAMs) orchestrate the later phases of tissue repair. Inflammatory macrophages respond to tissue damage signals and upregulate genes associated with alarmins and acute inflammatory-phase proteins [10] . Later during the inflammatory response, AAMs are a potent source of insulin-like growth factor (IGF-1) required for muscle regeneration [11] and highly express genes encoding extracellular matrix (ECM) and ECM remodeling proteins [10] . Though some resting tissues such as the lung, liver, and brain have macrophage populations that are seeded embryonically [12, 13] , skeletal muscle possesses very few macrophages during homeostasis [3] . Upon inflammatory insult, circulating classical monocytes are recruited to muscle injury and substantially contribute to the wound macrophage pool [3] . However, whether nonclassical monocytes are directly recruited to volumetric skeletal muscle injury or play a role in repair remains unknown.
Knowledge of how different myeloid populations affect tissue micro-compartments within injured muscle is especially important in a volumetric defect context in which all tissue architecture must be regenerated de novo. Deposition of new ECM provides scaffolding for nascent vasculature [14] , and AAMs have been shown to control collagen fibril formation in regenerating skin [15] and promote ECM deposition by fibroblasts [16] . However, the unchecked activity of AAM in chronic muscle inflammation can perpetuate fibrosis [17] , which impairs restoration of native mechanical properties [18] . Muscle tissue must also be revascularized in order to provide necessary oxygen, nutrients, and metabolic waste removal. AAMs promote angiogenesis [19, 20] and arteriogenesis [21] , distinct processes that regulate post-injury vascular remodeling. Additionally, failure to reinnervate skeletal muscle after injury results in muscle fiber atrophy [22] that significantly impairs motor function. Increasing AAMs in peripheral nerve transections by hydrogel-based delivery of IL-4 enhances both Schwann cell infiltration and axonal growth [23] . Consequently, biomaterialbased strategies that increase the number of AAMs within volumetric muscle loss are a promising approach to enhance endogenous programs of muscle repair. leverage to exert pro-regenerative effects in vivo [25] . Local delivery of FTY720, a small molecule agonist of S1P1 and S1PR3-5, selectively recruits non-classical Ly6C lo monocytes upon local delivery to inflamed skin injuries and promotes arteriogenic microvascular growth in an S1PR3-dependent manner. Release of FTY720 from polymer nanofibers to mandibular bone defects increases the frequency of AAMs, promotes re-vascularization, and facilitates boney ingrowth [26] . Thus, S1PR3 has emerged as a therapeutic target that can orchestrate the inflammatory response and subsequent healing of musculoskeletal injuries.
In this work, we explore the role of specific monocyte and macrophage populations after volumetric muscle loss. Using a novel model of volumetric muscle injury within the murine spinotrapezius muscle, we demonstrate that biomaterial-based delivery of FTY720 increases anti-inflammatory Ly6C lo monocytes and amplifies the number of CD206+ AAMs. The localization of pro-regenerative inflammation in the injured skeletal muscle increases the kinetics of wound healing, leading to earlier vascularization and collagen deposition. Additionally, we observed improved regrowth of muscle fibers at later time points and less fibrotic collagen architecture within regenerated tissue. These results indicate that immunomodulatory biomaterials that target specific monocyte populations can coordinate favorable healing outcomes within volumetric skeletal muscle injuries.
Materials and Methods

Film fabrication
Films were fabricated as previously described [25] . Briefly, 350 mg PLGA (50:50 DLG 5E -Evonik Industries) was added to 2 ml dichloromethane in a glass scintillation vial and vortexed on high-speed for 30 minutes. For drug loaded films, 1.75 mg of FTY720 (Cayman Chemical) was added at a 1:200 drug:polymer weight ratio, and polymer solution was vortexed until completely incorporated. The polymer solutions were then poured into Teflon-coated petri dishes and dried at −20°C for 7 days. Films were lyophilized overnight before implantation to remove any traces of solvent.
Spinotrapezius volumetric muscle loss model
All animal procedures were conducted according to protocols approved by the Georgia Institute of Technology Institutional Animal Care and Use Committee. Male C57BL/6J (The Jackson Laboratory) or B6.129P-Cx3cr1tm1Litt/J mice (CX3CR1 GFP/+ ) (The Jackson Laboratory) of age 8-12 weeks old were used for all animal studies. A 1mm full thickness defect in the spinotrapezius muscle was created as follows. The dorsum of the mouse was shaved and hair removal cream applied to completely remove hair. Skin was sterilized with three washes of 70% ethanol and chlorhexidine. A longitudinal 1 inch incision (cranial to caudal) was made just after the bony prominence of the shoulder blade. The overlying fascia was dissected away and the spinotrapezius muscle identified. Using flat-tipped tweezers, the edge of the spinotrapezius was lifted up. The muscle was reflected and positioned against a sterile piece of wood. A 1mm biopsy punch was made through the muscle, using the wooden piece as support. The muscle was replaced and 1.5 mm implant placed over the punch defect. The incision was closed with mouse wound clips. RAW264.7 macrophage and C2C12 myoblast culture and immunohistochemistry RAW264.7 macrophages (ATCC) were maintained in growth media (DMEM supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate, 1% L-glutamine, 1% penicillin/ streptomycin) according to manufacturer protocols. To generate RAW 264.7 macrophage conditioned media (CM), RAW 264.7 macrophages were treated 18 hours with polarization cytokines. For M(IFN-γ, LPS) polarization, cells were treated with 1μg/ml LPS (Sigma) and 20 ng/ml IFN-γ (Peprotech). For M(IL-4) polarization, cells were treated with 10 ng/ml IL-4 (Peprotech). Polarization media was removed after treatment, cells were washed with phosphate-buffered saline (PBS), fresh RAW264.7 media was replaced into the wells. Cells were allowed to condition media for an additional 24 hours. C2C12 cells (ATCC) were maintained in growth media (DMEM supplemented with 10% FBS, 1% sodium pyruvate, 1% L-glutamine, 1% penicillin/streptomycin) according to manufacturer protocols. To investigate the effects of polarized macrophage soluble factors on C2C12 myogenic differentiation, C2C12 cells were cultured on fibronectin-coated glass coverslips in 50% C2C12 differentiation media (DMEM supplemented with 2% horse serum, 1% sodium pyruvate, 1% L-glutamine, 1% penicillin/streptomycin), and 50% RAW 264.7 CM for 5 days, with daily media change. At the 5 day timepoint, cells were fixed in 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton-X, and blocked using 5% goat serum for 1 hour. Cells were stained with myosin heavy chain antibody (MF-20, DSHB) overnight at 4°C in humidity chamber. Cells were washed, then stained with Dylight 488conjugated anti-chicken antibody for 1 hour at room temperature. Cells were washed, counterstained with DAPI, then overturned onto glass slides with Vectashield mounting media (Vector Labs). Cells were imaged on a Zeiss LSM 700 confocal microscope. A total of 12 field of views (640.2μm × 640.2μm) were used for histomorphometric analysis of myosin heavy chain-positive cells.
Labeling of blood Ly6C lo monocytes in CX3CR1 GFP/+ mice
In order to visualize cells within injured muscle originating as circulating Ly6C lo monocytes, CX3CR1 GFP /+ mice were administered Fluoresbrite® Polychromatic Red latex beads (0.5μm, Polysciences) intravenously 1 day prior to surgery via jugular vein injection. Prior to injection, latex beads were diluted 1:25 in sterile saline as previously described [27] . Labeling was confirmed by retro-orbital blood draw immediately prior to surgery (1 day after bead administration) and subsequent flow cytometry analysis.
Flow cytometry
To collect blood (days 0, 3 and 7) and tissue for flow cytometry analysis (days 1, 3, and 7), mice were euthanized via CO 2 asphyxiation. Blood was then collected via cardiac puncture. Red blood cells were lysed in ammonium chloride (1 part blood, 9 parts ammonium chloride) prior to immunostaining for flow cytometry. For characterization of myeloid cell composition in spinotrapezius muscles without an implant, a 6mm biopsy punch of muscle tissue centered on the defect was taken. For studies with an implant (unloaded or FTY720loaded), the entire spinotrapezius muscle was collected. Spinotrapezius muscles were harvested and digested in collagenase I (Sigma) for 45 minutes at 37°C. The digested muscles were filtered through a cell strainer to obtain a single cell suspension. The standard recovery of cells from a 6mm biopsy of the spinotrapezius muscle is 5501±1965 cells/mg tissue (measured in similar, but unrelated studies). Single-cell suspensions from were stained for flow cytometry analysis in 3% FBS according to standard procedures and analyzed on a FACS AriaIIIu flow cytometer (BD Biosciences). The following antibodies were used for cell phenotyping: BV510-conjugated anti-CD11b (BioLegend), PerCP eFluor-710conjugated anti-CD115 (eBioscience), APC-Cy7 conjugated anti-CD11b (BioLegend), BV421-conjugated anti-CD11c (BioLegend), APC conjugated anti-Ly6C (BioLegend), PE-Cy7 conjugated anti-GR-1 (BioLegend), BV711-conjugated anti-CD64 (BioLegend), PEconjugated anti-MerTK (R&D Systems), APC-Cy7-conjugated anti-Ly6G (BioLegend), PE-Cy7-conjugated anti-CD206 (BioLegend).
Whole mount immunohistochemistry of muscle tissue
Mice were euthanized 3 or 7 days after surgery via CO 2 asphyxiation. For lectin-based labeling of the vasculature in CX3CR1 GFP/+ mice, Alexa Fluor 568 isolectin IB4 (1mg/mL, Life Technologies) was diluted (50μL of isolectin, 150μL saline) and administered by jugular vein injection 15 minutes prior to euthanasia. Post-euthanasia, mouse vasculature was perfused with warm saline followed by 4% PFA until tissues were fixed. The entire spinotrapezius muscle was explanted and permeabilized overnight with 0.2% saponin, then blocked overnight in 10% mouse serum. For immunofluorescence, tissues were incubated at 4°C overnight in a solution containing 0.1% saponin, 5% mouse serum, 0.5% bovine serum albumin, and the following conjugated fluorescent antibodies: PE anti-CD31 antibody (1:100 dilution, eBioscience), Alexa Fluor 488 anti-CD206 (1:200 dilution, ABD Serotec), and Alexa Fluor 647 anti-CD68 (1:200 dilution, ABD Serotec). For desmin immunostaining, identical tissue processing procedures were followed and muscles were incubated overnight with Alexa Fluor 488 anti-desmin (1:200 dilution, Abcam) alone or in combination with PE anti-CD31 and Alexa Fluor 647 anti-CD206 (1:200 dilution, BioLegend). Following immunostaining, tissues were washed 4 times for 30 minutes each, and then mounted in 50/50 glycerol/PBS.
Imaging and quantification of whole mount immunohistochemistry
Tissues were imaged on a Zeiss LSM 710 NLO confocal with acquisition parameters kept identical across all animals. For collagen imaging, a two-photon chameleon laser (tuned to λ=810nm) and collection range of 380-420nm was utilized with acquisition parameters kept identical across animals. Z-stacks were collected from the beginning to end of collagen signal visible across the entire x-y plane analyzed. Max intensity projections were generated from 3D confocal images for 2D analysis in Zen software (Zeiss). Quantification of vascularization and collagen deposition was performed in ImageJ software (NIH). An elliptical region of interest (1.370mm high by 1.778mm wide) was centered over each defect and the image was thresholded to display only areas of positive fluorescence signal. The number of pixels positive for the fluorescence channel of interest was normalized to the total area of the region of interest. In Figures 1 and 6 , defect area was determined by tracing the edges of desmin-positive immunostaining to outline the desmin-negative area. The defect area was identified as the area that was desmin-negative. In Figure 5 , the percentage of cell infiltration was determined by tracing the border between lectin-or CD31-positive regions and the avascular zone. The area of this region was measured. A secondary trace between the cellular (CX3CR1+ or CD206+) region and acellular zone was made. The area of this region was measured and subtracted from first measurement to measure the region of cell infiltration into the defect. This value was normalized to the first measurement. In Figure 6 , "void area" was measured by tracing the edges of collagen-positive signal and identifying void area as the area that is collagen-negative. 2D fiber diameter was determined by measuring the widest portion of each regenerated muscle fiber (determined based on the morphology of desmin-positive regions) within the defect region from the day 7 2D maximum intensity projections.
For 3D analysis in Imaris (Bitplane), 1 crop per animal of 332×332μm was taken from the area adjacent to the defect to show immune cell distribution in the close surrounding tissue. Crops were chosen based on matching anatomical vessel morphology from both CX3CR1 GFP/+ images and the subsequently stained CD206, CD68, and CD31 images. Simultaneous visualization of CX3CR1-GFP cells with immunohistochemical markers is not possible due to leakage of GFP from the cells following permeabilization. Therefore, imaging of CX3CR1-GFP spinotrapezius muscles occurred immediately after perfusion fixation and further immunostaining was performed as described in the previous methods section. Cells co-expressing CD68 and CD206 were identified in Imaris using the surface tool. CD68+ surfaces were identified by smoothing with a 1.5μm grain size and an automatic threshold on absolute intensity. Touching objects were split using a seed points diameter of 13.8μm. Cells that co-expressed two markers were identified by applying an additional filter to select surfaces with a high fluorescence intensity in the CD206 channel (above 17.7 mean intensity). Vessels were identified in Imaris by drawing a surface on the CD31 fluorescent channel with a 1.66μm grain size, manually-selected threshold value (determined based on each image), and manually-selected volume filter to remove small debris. To calculate the distance between CD68+CD206+ cells and the nearest blood vessel, a distance transformation was applied to CD31+ vessel surfaces and the median position of each CD68+CD206+ cell within this plane was recorded.
Statistical analysis
Data are presented as mean ± standard error of the mean (S.E.M.), unless otherwise noted. All statistical analysis was performed in GraphPad Prism software. For pairwise comparisons, unpaired t-test (according to experimental design) with Welch's correction if variance was significantly different was used. For grouped analyses, two-way ANOVA with Sidak's post-test was used for multiple comparisons. Unless otherwise noted, p<0.05 was considered statistically significant.
Results
Full-thickness defect in the murine spinotrapezius muscle results in dynamic myeloid cell kinetics both locally and systemically
In order to better model clinical muscle loss induced by trauma or surgery, we developed a novel model of volumetric muscle loss (VML) in the murine spinotrapezius ( Figure 1A) .
The spinotrapezius muscle is a stabilizing muscle in the mouse dorsum that is extremely thin (60-200μm) [28, 29] , enabling the use of three-dimensional (3D) confocal microscopy to examine tissue microstructures. A 1mm circular defect in the spinotrapezius muscle heals over the course of 7 days, as observed by desmin immunostaining of muscle fibers ( Figure  1B , C). Consequently, removal of a 1mm diameter muscle defect is not critical-sized, but enables investigations into the mechanisms, rate, and quality of muscle repair. We examined healing at the defect edge, specifically focusing on granulation tissue formation and myofiber ingrowth. Granulation tissue was defined as tissue lacking desmin+ mature muscle fibers, but including CD31+ and CD206+ immunostaining, as the proliferative phase of the wound healing response involves angiogenesis and the presence of fibroblasts and macrophages, the latter of which can express CD206 and play an active role in repair [5, 30, 31] . High power images of the defect edge reveals granulation tissue containing CD206+ cells, indicating the presence of AAMs ( Figure 1D ). CD31 immunostaining reveals vessel regrowth within the granulation tissue, with CD206+ cells interacting closely with nascent vasculature. This revascularization appears to occur before the regrowth of desmin+ muscle fibers at day 7 ( Figure 1E , F).
We then investigated the kinetics of myeloid cell trafficking in response to spinotrapezius VML injury. The phenotypic complexity of myeloid cells during inflammation necessitates understanding baseline healing conditions in order to design therapies that leverage their behavior. Blood neutrophils were transiently elevated roughly 5 fold from baseline 3 days after VML injury (11.9±2.7% at day 3 vs. 2.1±0.8% at day 0, mean±SD as a percentage of all cells), and subsequently decreased (Figure 2A ). Blood classical Ly6C hi monocytes slowly increased over 7 days (1.0±0.3% at day 0 compared to 3.8±1.6% at day 7), while blood nonclassical Ly6C lo monocytes increased more rapidly from baseline by 3 days (2.6±0.8% at day 0 to 8.5±1.6%) and plateaued at 7 days post-injury ( Figure 2B ). Within injured spinotrapezius muscle tissue, neutrophils peaked at 3 days post-injury (0.7±0.2% of all cells) and quickly decreased to baseline levels by 7 days post-injury (0.1±0.3%) ( Figure 2C ). Ly6C hi monocytes decreased from days 1 (0.7±1.2%) to 7 (0.3±0.5%), while Ly6C lo monocytes peaked at day 3 (1.5±0.9%) post-injury and were retained at a similar frequency at day 7 ( Figure 2D ). MerTK and CD64 exclusively identify macrophages (MerTK+CD64+) [32] , which steadily increase from day 1 (0.5±0.6%) to day 7 (3.0±1.0%) ( Figure 2E ). CD206+ macrophages also similarly increase over time (0.4±0.6% at day 1 to 2.8±1.0% at day 7) ( Figure 2F , Supplemental Figure 2A ). Interestingly, MerTK+CD64+ macrophages comprise a relatively small proportion of all CD206+ cells (5.3±2.4% at day 3, and 27.4±2.8% at day 7 post-injury) (Supplemental Figure 2B ), as analyzed by flow cytometry. Other cells involved in wound healing may express CD206, including fibrocytes [33] and immature dendritic cells [34] , but further immunophentoyping of these cells is necessary to identify other CD206+ populations within injured skeletal muscle. Taken together, our kinetic data suggest that neutrophils and Ly6C hi monocytes accumulate in the acute inflammatory phase of VML injury, while macrophages, particularly CD206+ AAMs, predominate in the later phases of muscle injury and healing.
Non-classical blood monocytes are directly recruited to volumetric muscle injury
Intravascular administration of latex (LX) beads can be used to track the recruitment and fate of circulating monocytes [27, 35] . We administered LX beads one day prior to injury in heterozygous CX3CR1 GFP/+ mice, which constitutively express green fluorescence protein (GFP) under the CX3CR1 promoter ( Figure 3A ). Circulating Ly6C lo CX3CR1 hi monocytes are selectively labeled with LX beads 1 day after injection (Supplemental Figure 1C, D) . During surgery, a 1.5mm poly(lactic-co-glycolic acid) (PLGA) film was placed over the defect ( Figure 3B ) to model biomaterial implantation within VML. Accumulation of LX+ cells in injured skeletal muscle tissue was monitored with confocal microscopy. Both CX3CR1 lo and CX3CR1 hi monocytes were present in spinotrapezius muscle tissue 3 days post-injury ( Figure 3C ). Interestingly, a high frequency of LX+ cells were also seen in the muscle tissue, indicating that labeled Ly6C lo monocytes were directly recruited from circulation to the injured tissue ( Figure 3C ). This phenomenon stands in contrast to studies conducted using a toxin-induced muscle injury model in which no LX bead-labeled Ly6C lo monocytes were recruited from blood [3] . High-power 3D images of immunostained peridefect muscle tissue at 3 days post-injury show LX+ cells spatially co-localizing with CD68+CD206+ cells, an immunophenotype indicative of pro-regenerative AAMs ( Figure  3D , Supplemental Figure 3A, B) . These results suggest direct conversion of blood-derived Ly6C lo monocytes into CD206+ macrophages within muscle tissue and provide a novel therapeutic target for regulating the accumulation of pro-regenerative macrophages in inflamed tissue.
M(IL-4) macrophage conditioned media promotes myogenic differentiation of C2C12 myoblasts
To more closely probe effects of macrophage phenotype on myogenesis, we conducted an in vitro differentiation assay using C2C12 myoblasts treated for 5 days with conditioned media from polarized RAW264.7 macrophages stimulated with either LPS and IFN-γ (M(LPS, IFN-γ)), or IL-4 (M(IL-4)). C2C12 cells treated with M(LPS, IFN-γ) macrophage conditioned media exhibited no differentiation over the course of 5 days ( Figure 3E ). Conversely, C2C12 cells treated with M(IL-4) macrophage conditioned media exhibited high myogenic differentiation, with the presence of several multinucleated myotubes in the culture. These results indicate that secreted factors from M(IL-4) AAM-like macrophages support myogenesis, and provides further motivation for developing therapeutic strategies that increase this phenotype of macrophage within injured muscle.
Local delivery of FTY720 from polymeric biomaterials increases Ly6C lo , CX3CR1 hi monocytes and CD206+ macrophages in injured muscle tissue
Previous work in our lab demonstrated that local administration of FTY720 to skin injury increases the frequency of CD206+ macrophages that were derived from blood Ly6C lo monocytes [25] . We sought to determine whether this strategy could be leveraged in VML injury to enhance accumulation of CD206+ macrophages within damaged muscle tissue. Implantation of an FTY720-loaded PLGA thin film over the muscle defect increased the frequency of Ly6C lo , but not Ly6C hi , monocytes compared to PLGA only or no implant controls, as determined by flow cytometry ( Figure 4A ). After induction of VML injury in CX3CR1 GFP/+ mice, very few CX3CR1-GFP+ cells were detected in the uninjured contralateral spinotrapezius muscle ( Figure 4B ). Qualitative analysis of whole mount tissues shows that on-site delivery of FTY720 increased accumulation of CX3CR1 hi cells in the peri-defect muscle tissue ( Figure 4C ), which is consistent with the flow cytometry data that shows increased Ly6C lo monocyte frequency following FTY720 treatment, and analysis of 
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Author Manuscript blood monocytes shows inverse correlation of surface CX3CR1 and Ly6C expression (Supplemental Figure 1A, B ). Ly6C lo blood monocytes were labeled in CX3CR1 GFP/+ mice with LX beads 1 day prior to VML surgery to track the fate of Ly6C lo monocytes during FTY720-mediated immunomodulation. Inspection of whole mount confocal images reveals more LX+ beads in the muscle tissue of FTY720-treated animals and that these LX+ beads were positioned closely around the defect ( Figure 4D ).
To measure cellular infiltration into the defect, we measured the relative size of the avascular region with high myeloid cellularity (both CX3CR1+ and CD68+CD206+ cells). FTY720treated animals had a larger percentage of the defect filled with CX3CR1+ cells (Figure 5A,  B) . We observed a similar, but insignificant, trend following quantification of the proportion of the defect filled with CD68+ and CD206+ cells ( Figure 5C, D) . Interestingly, we noticed cellular regions that were sparse in CX3CR1+ cells but contained numerous CD68+ CD206+ cells. Since we observed conversion of Ly6C lo monocytes into CD206+ macrophages ( Figure 3D ), we investigated whether FTY720 also increases the frequency of CD206+ macrophages in injured muscle. Animals treated with FTY720 had more CD68+CD206+ macrophages in peri-defect tissue 3 days post-injury ( Figure 5E , F). Close interactions of macrophages and endothelial cells have been associated with enhanced vascular remodeling and arteriogenesis [25, 36] . Quantification of the distance between CD68+CD206+ macrophages and the nearest CD31+ blood vessel within damaged spinotrapezius muscles revealed that AAMs homed closer to vasculature with FTY720 treatment (Figure 5C , G).
Ly6C lo monocytes/CD206+ macrophages promote skeletal muscle healing after traumatic injury
To investigate whether FTY720-induced perivascular accumulation of CD206+ macrophages was associated with repair of injured skeletal muscle, we assessed wound healing parameters. By 3 days post-injury, local delivery of FTY720 was able to induce increased revascularization of the defect region ( Figure 6A, B) , as quantified by CD31 immunostaining. Interestingly, the amount of revascularization in FTY720-treated animals was similar to animals with no implant ( Figure 6B , Supplemental Table 1 ), indicating that PLGA may impair revascularization. Increased collagen deposition within the defect area, as measured by imaging the second harmonic generation (SHG) signal, was observed in FTY720-treated animals ( Figure 6C , D) coinciding with a significantly decreased noncollagenous void area. Regrowth of mature desmin+ muscle fibers was more prominent in muscles treated with FTY720 and these animals demonstrated a trend of reduced defect area at 3 days post-injury ( Figure 6E , F). Defects left untreated (no implant) had a lower average defect area than PLGA-treated mice and a lower average defect area than FTY720-treated mice ( Figure 6F , Supplemental Table 1 ), indicating that PLGA may impair defect closure.
At day 7 post-injury, injured muscles were imaged with two-photon confocal microscopy for immunostained desmin and SHG collagen signal. We rendered the 3D images in Imaris ™ to generate quantitative volumes of desmin and collagen signal. FTY720-treated animals displayed a lower volume ratio of collagen to desmin compared to PLGA animals ( Figure  7A, B) , indicating less interstitial fibrosis. Furthermore, control animals displayed highly aligned collagen fibrils compared to uninjured muscle, which is indicative of fibrotic scarring [37] . Regenerated fiber diameter was significantly higher in animals treated with FTY720 compared to PLGA only ( Figure 7C, D) , and comparable to that observed qualitatively in uninjured spinotrapezius muscle. Taken together, these findings demonstrate that immunomodulatory biomaterial strategies that tune myeloid cell infiltration can improve skeletal muscle repair.
Discussion
In the present work, we have demonstrated that blood-derived non-classical monocytes infiltrate skeletal muscle after volumetric injury and convert into perivascular CD68+CD206+ macrophages. Biomaterial-based strategies that increase recruitment of nonclassical monocytes concomitantly increase perivascular accumulation of AAMs, which correlates with the initiation of repair programs such as injury site re-vascularization, collagen deposition, and regeneration of damaged skeletal muscle. We demonstrate that accelerating the progression of muscle healing by targeting pro-regenerative monocytes and macrophage populations improves muscle regeneration while minimizing fibrotic scarring.
Volumetric muscle injury appears to elicit an inflammatory cascade similar to that observed in toxin-induced injury with peak accumulation of Ly6C hi monocytes at 1 day post-muscle injury and continued increase in Ly6C lo monocytes following toxin insult [3] . Within the spinotrapezius VML model, Ly6C hi inflammatory monocytes are present at 1 day postinjury and decrease over time, whereas Ly6C lo anti-inflammatory monocytes peak at 3 days post-injury. Both monocyte subsets may exert pro-regenerative effects through production of key enzymatic and soluble cues such as inducible nitric oxide synthase (iNOS) by Ly6C hi monocytes [38, 39] , and vascular endothelial growth factor (VEGF) [40] and IGF-1 [41] by Ly6C lo monocytes. Once extravasated, however, monocytes mostly differentiate into macrophages that continue to support repair [42] . In vitro, monocyte/macrophage subpopulations exert differential effects on myogenic precursors through their secreted factors [8] . Conditioned media from inflammatory macrophages promotes myogenic precursor cell proliferation and motility, whereas the soluble factors from anti-inflammatory macrophages promote myogenic differentiation and myotube formation [3, 8] . Monocytes and macrophages may also direct their own behavior and fate through paracrine and autocrine signaling. Monocytes and macrophages produce tumor necrosis factor-alpha (TNF-α) and IL-1β which leads to self-amplification of inflammatory responses [43] , and their phagocytosis of cellular debris results in downregulation of inflammatory cytokine expression [44] . Thus, controlling the accumulation of specific monocyte and macrophage populations in vivo represents an important step in better understanding their role in the intricate wound healing process.
Several studies have documented the recruitment of Ly6C hi inflammatory monocytes to injury where they convert in situ to Ly6C lo monocytes and become the primary contributor to wound macrophages [3, [45] [46] [47] . Conversely, accounts of direct recruitment of Ly6C lo monocytes have been reported in myocardial infarction [40] and excisional skin injury [25] . Recruitment of non-classical Ly6C lo monocytes may therefore be dependent on the type of injury and tissue of origin. We have built upon this knowledge by demonstrating for the first 
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Author Manuscript time that endogenous Ly6C lo monocytes are directly recruited to VML ( Figure 3C ), suggesting that Ly6C lo monocytes may play an indispensable role in the healing of traumatic injuries that require the de novo growth of tissue. Use of LX bead-based labeling of Ly6C lo monocytes in the CX3CR1 GFP/+ mouse enables tracking of GFP+LX+ monocytes in tissue, and also LX+ cells that may have lost GFP expression due to differentiation into macrophages [27] . LX+ cells appear in spinotrapezius muscle following VML ( Figure 3C,  D) , indicating direct recruitment of Ly6C lo monocytes from circulation. Important to the interpretation of trafficking studies, previous work has indicated that intravenous LX bead administration does not alter the kinetics of Ly6C hi and Ly6C lo monocyte recruitment [27] . Additionally, LX bead administration does not induce changes in monocyte gene expression or systemically elevate plasma inflammatory mediators such as TNF-α, IFN-γ, or IL-6 [27] . In CX3CR1 GFP/+ mice, blood monocyte composition is the same compared to wildtype mice [48, 49] and CX3CR1 is not required for transendothelial migration of monocytes in a model of acute peritonitis [50] , thus simplifying interpretation of data collected in CX3CR1 GFP/+ mice.
VML defect healing follows similar phases to that of wound healing in injured skin [31] . 3D confocal microscopy of explanted spinotrapezius muscles at 3 days post-injury shows granulation tissue and nascent vasculature within the defect next to truncated muscle fibers ( Figure 1C, F) . This region of granulation tissue appeared to co-localize with CD206+ cells. The distribution of CD206+ cells is consistent with studies that indicate AAMs directly promote collagen production in fibroblasts [16] and support vascularization of Matrigel subcutaneous implants [19] . In the resolving phases of inflammation, muscle macrophages upregulate genes for ECM construction and remodeling [10] , and depletion of these macrophages severely impairs muscle regeneration [3] . These findings motivated us to investigate whether preferentially increasing AAMs within injured skeletal muscle would enhance healing of volumetric muscle defects.
Biomaterial-based therapies such as ECM-derived scaffolds and macrophage-polarizing hydrogels [23] can increase the ratio of anti-inflammatory to inflammatory macrophages [51, 52] and improve regenerative outcome, but the origin of the AAMs (whether resident or circulation-derived) remains unknown. Recent intriguing insights into the functional differences between resident AAMs and those derived from circulating monocytes have highlighted the importance of considering AAM origin when designing pro-regenerative biomaterials. Monocyte-derived AAMs have a unique gene expression profile compared to tissue resident AAMs, upregulating genes important during inflammation such as Socs2, IL-31ra, Ccl17, Ch25h, Jag2, and Ccl22 [53] . Monocyte-derived AAMs also specifically drive the differentiation of CD4+ T cells to Foxp3+ regulatory T cells in a retinoic acid dependent manner [53] . Foxp3+ regulatory T cells are crucial to the healing of damaged skeletal muscle [54] , and increasing their recruitment via IL-33 delivery to injured skeletal muscle in aged mice improves regeneration [55] . Therefore, circulating monocytes likely possess an intrinsic capacity for promoting wound repair and should be strongly considered in the design of biomaterials that seek to leverage pro-regenerative inflammation. Previously, we have used local delivery of the small molecule FTY720 as a means to localize circulating pro-regenerative monocytes to sites of bone and skin injury to coordinate microvascular expansion and bone healing. In this work, we utilized on-site delivery of the small molecule FTY720 to explore the contributions of circulating non-classical monocytes within VML injury. The effects of FTY720 are pleiotropic, as all cells express some combination of S1P receptors [56] . When administered systemically, FTY720 induces lymphopenia and bradycardia [56] ; however, systemic effects are avoided during the local delivery strategies that we have extensively investigated in previous work [25, 26, 57] and the current study.
FTY720 delivery from a polymer PLGA thin film was able to significantly increase the frequency of Ly6C lo monocytes within injured muscle ( Figure 4A ). Adoptively-transferred non-classical monocytes differentiate into CD206+ macrophages in injured skin [25] . Therefore, we investigated whether increasing non-classical monocyte frequency would also result in increased numbers of CD206+ macrophages. Analysis of CD68+CD206+ macrophages in peri-defect tissue revealed increased numbers of this population in FTY720treated animals ( Figure 5F ). Monocytes and macrophages are known to position themselves strategically by remodeling blood vessels [25, 36, 58] , where the crosstalk between vasculature and immune cells can provide instructional cues for AAM differentiation [59] . During chronic arterial occlusion, CD163+ AAMs are clustered in the perivascular space at sites of collateral growth in remodeling vasculature [60] . Here, spatial analysis reveals that CD68+CD206+ cells are positioned significantly closer to vessels with FTY720 treatment ( Figure 5D ). This increased perivascular positioning of AAMs coincides with increased density of vasculature in the muscle defect area ( Figure 6A , B) compared to PLGA control animals. AAMs also support healing of damaged skeletal muscle by providing a source of regenerative growth factors such as IGF-1 [11] and promoting satellite cell differentiation into mature myotubes [3, 8] . AAMs control collagen deposition from fibroblasts in an IL-4rα-dependent manner [15] , a process that is vital to wound healing within the skin. Assessment of the defect area via SHG imaging of collagen showed that FTY720 results in increased collagen content and a smaller defect area 3 days post-injury ( Figure 6C -F). By 7 days post-injury, regenerated fiber diameter was significantly higher in FTY720 animals and the collagen architecture more closely mimicked that of native uninjured muscle ( Figure 7C , D).
Though we have focused primarily on FTY720's effects on the behavior of monocytes and macrophages, agonism of S1PR1 and S1PR3 on other cell types present within the injury may have contributed to the accelerated healing we observed in muscle regeneration. S1PR1 and S1PR3 are differentially expressed during toxin-induced muscle injury, indicating that specific S1P receptors differentially regulate phases of healing [61] . S1PR3 in muscle tissue is highly expressed during the acute inflammatory phase post-injury, and S1PR3 may positively regulate the growth of regenerating fibers [61] . Conversely, S1PR1 expression increases during regeneration and S1PR1 agonism produced a net decrease in regenerated fiber cross-sectional area [61] . Genetic knockout of S1PR3 promotes satellite cell proliferation and attenuates muscle degeneration in the mdx mouse model that simulates Duchenne muscular dystrophy [62] . Our work demonstrates that the signaling induced by FTY720 likely affects multiple cell types during muscle repair, given that we observed changes in myeloid cells, blood vessels, and myofibers. Because the current work is unable to distinguish between direct and paracrine effects induced by FTY720, additional studies employing loss-of-function models are needed to understand the precise interplay between different compartments during skeletal muscle repair.
A major clinical concern with large volumetric muscle injuries is the debilitating fibrosis that often occurs in place of satisfactory healing [18, 63] . Fibrotic muscle not only lacks the contractility of healthy muscle, but also exhibits decreased elasticity, rendering the tissue more susceptible to re-injury [64] . While granulation tissue formation and its subsequent remodeling into mature ECM is crucial for the restoration of functional tissue in the volumetric void, a fibrotic response often progresses faster than a myogenic response [65] .
Macrophages have the capacity to sense the injury microenvironment and instruct fibroblasts to either continue producing matrix or undergo apoptosis [17] . Increasing the frequency of AAMs may provide an endogenous command center capable of controlling and alleviating hyper-fibrotic responses within volumetric muscle defects. We utilized 3D analysis of the SHG collagen signal along with fluorescently-labeled desmin to determine extent of fibrosis between fibers 7 days post-injury. Strikingly, areas of regrown fibers within FTY720-treated animals displayed a lower ratio of collagen to desmin volume ( Figure 7B ), indicating either faster healing in place of fibrosis, or attenuation of hyper-fibrotic responses in the defect to allow for increased parenchymal muscle fiber ingrowth. These observations are particularly promising for the treatment of larger, critically sized volumetric defects where prolonged fibrotic response after injury results in impaired progenitor and stromal cell migration and subsequently, decreased angiogenesis, reinnervation, and skeletal muscle regrowth [66, 67] . Future studies should explore how acute modulation of inflammatory cell recruitment impacts long-term reconstruction of critical sized traumatic muscle injury. Taken together, our data strongly suggest that greater accumulation of CD68+CD206+ cells achieved through increased recruitment of non-classical Ly6C lo monocytes promotes early volumetric muscle wound closure and improves healing outcome within regenerated muscle. These findings indicate that localizing endogenous pro-regenerative inflammation with materialbased biomolecule delivery is a promising strategy to promote healing of traumatic musculoskeletal injuries. 
